Regeneration of damaged endothelium has been studied by means of mechanical injury to rabbit abdominal aorta and inferior vena cava. Ultrastructural evidence suggests that myointimal cells can become endothelial cells. It is postulated that such a myogenic replacement of endothelial cells may occur under normal circumstances in the aorta. Injury to blood vessels merely accelerates this process.
• The means whereby vascular endothelium is replaced has not been established. One view is that new endothelium develops from pre-existing endothelium, with disagreement as to the type of proliferative activity, at least in normal blood vessels. Although Zahn (1) observed mitotic activity in the endothelium, Efskind (2), Altschul (3) , and Sinapius (4) reported that endothelium replaces itself almost exclusively by amitosis under physiological conditions. In injured vessels endothelial mitosis has been demonstrated (5) (6) (7) . However, several investigators have postulated that new endothelium may be derived from other types of cells, including circulating blood corpuscles (8) (9) (10) , fibroblasts (11, 12) , or "undiflerentiated cells" from the subendothelial space (13) . The present report provides ultrastructural evidence that medial smooth muscle cells may be a source of new endothelial cells in an injured vessel. The term endothelial cell is used here in its conventional sense meaning a cell situated on the luminal side of the internal elastic lamina, and in direct contact with circulating blood.
Experimental Methods
New Zealand rabbits, weighing approximately 2.5 kg, were used. Experiments were performed on the abdominal aorta and the inferior vena cava. Vessels were partially ligated for various periods of time, and they were studied either at the time of maximal injury or at intervals after recovery from a 1-minute partial ligation. Detailed techniques of surgery, partial ligation, and tissue preparation have been reported in a previous communication (14) and briefly were as follows: The animals were anesthetized with Endothelial cell from normal aorta. A small area of cytolysis is seen. X 27,800.
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FIGURE 3
Myointimal cell, seen in an aorta 24 hours after injury, 10 to 13 mm below the ligated site. The cell is near the endothelium but still possesses myofilaments. Heavy electron-dense lines in the internal elastic lamina are artifacts. X 10,800. The similarity in cytoplasm between a myointimal cell and an endoihelial cell is illustrated in an aorta 3 days after a 1-minute injury. Note paucity of myofibrils as compared to Figure 3 . S to 12 mm above the ligated site. X 18,500.
nembutal supplemented by ether as needed. Vessels were exposed through an abdominal incision, a segment was dissected free, and a silk ligature was applied for the desired period of time so that circulation was partially impeded. In animals allowed to survive for more than 24 hours, sterile technique was employed. Fixation of the vessels was achieved by both intraluminal and topical application of glutaraldehyde, with subsequent immersion in osmium; four to six areas at various distances from the ligature were examined. The material was imbedded in epon, and sections were cut with a diamond knife on a Porter-Blum MT-2 microtome. Care was taken at all times to handle the tissue as gently as possible. Ultrathin sections of specimen were "stained" first with uranyl acetate and then lead citrate, and were examined with a Siemens 1A or RCA EMU 3F electron microscope. Figure 1 shows normal medial smooth muscle cells of a control aorta. These cells have abundant and characteristic myofilaments, with electron-dense areas in their cytoplasm. These structures are not seen in normal en-Circulaiion Research, Vol. XXIII, November 1968 dothelial cells ( Fig. 2 ). An additional type of cell in the intima is the "myointimal" cell (15) . Myointimal cells are situated between the internal elastic lamina and endothelial cells. They often have myofilaments and other characteristics of smooth muscle; but they are not normally in contact with circulating blood (Fig. 3 ). Myointimal cells are not seen in the normal rabbit inferior vena cava (14, 15) , whereas they are frequently encountered in the normal abdominal aorta (16, 17) .
Results
It has been postulated that myointimal cells are derived from medial smooth muscle cells, as demonstrated by structural similarities and apparent migration from the media (18, 19) . In an injured aorta ( Fig. 4 ) and a recovering inferior vena cava ( Fig. 5 ), such apparent migration is further illustrated. In both cases, a smooth muscle cell is seen wedged in a fenestration of the internal elastic lamina. As a result, part of a smooth muscle cell is in the media and part in the Distinct myofUaments seen in an aortic endothelial, cell. The aorta has been partially ligated for 26 hours and the animal killed 6 days after release of the tie. X 32,500.
FIGURE 9
Cytoplasm of a myointimal cell appears to be protruding (large arrow) towards the lumen at the intercellular junction of two endothelial cells. The "pseudopod" has not yet reached the lumen, and its margin is indicated by smaller arrows. Same specimen as Figure 8;  18 to 22 mm above the ligated site. X 21,800 . Top: Inward migration of a myointimal cell similar to that shown in Figure 9 . Here the "pseudopod" of the myointimal cell has reached the lumen (small arrow) "intruding" between two endothelial cells. Section from aorta 5 days after 1-minute injury; 8 to 12 mm above the ligated site. Here most of a smooth muscle cell lines the lumen, but a small part of the same cell is seen in a fenestration of the internal elastic lamina. X 28,500.
intima. These findings were observed in all injured vessels. In the aorta, apparent smooth muscle cell migration toward the intima is regularly found in specimens taken a few millimeters from the ligature site. In the normal aorta, this phenomen is rarely seen. In the inferior vena cava, no myointimal cells or migration of smooth muscle cells is observed in normal controls, but myointimal cells and apparent migration of smooth muscle cells are seen in veins a few hours after injury.
Ultrastructural findings further suggest that a myointimal cell can become an endothelial cell. Similarity of structure has been noted by Still and Dennison (20) and is illustrated in Figure 6 . In this case, identical electrondense areas, as normally observed in smooth muscle cells, are seen in both an endothelial cell from an injured vessel and a myointimal cell. Similar mitochondria, ribosomal activity, and size of pinocytotic vesicles in an endo-CircaUlion Research, Vol. XXlll, November 1968 thelial cell (Fig. 7, A) , a myointimal cell (Fig. 7, B) , and a medial smooth muscle cell ( Fig. 7, C) , further suggest kinship of these cells. An area 3 to 6 mm from the ligature in an aorta 3 to 5 days after injury shows many endothelial cells morphologically similar to myointimal cells. Moreover, in very rare cases, distinct myofilaments can be seen in the cytoplasm of endothelial cells (Fig. 8) , as shown in an aorta partially ligated for 26 hours and allowed to recover for 6 days.
Further favoring the concept that endothelial cells can indeed be derived from myointimal cells or smooth muscle cells would be a demonstration of myointimal cells migrating towards the lumen. In Figures 9 and 10 this process appears to be happening. Figure 9 shows an extension of a myointimal cell extending toward, but not quite reaching, the lumen. Figure 10 shows part of a myointimal cell which has actually reached the lumen, and presumably is being exposed to circulat-TS'AO FIGURE 12 Section near to that in Figure 11 . X 44,000.
ing blood. Such relationships are readily found in injured aortas 3 to 6 days after injury.
Close sections shown in Figures 11 and 12 present additional evidence in support of myointimal to endothelial migration. Here, part of a smooth muscle cell is caught in the fenestration of the internal elastic lamina, but most of the same cell forms the lining of the vessel wall. The possibility that Figure 11 represents an overlapping junction between an endothelial and a smooth muscle cell has been considered. The only likely site of such a masked junction in Figure 11 is indicated with an arrow. However, this very same site is shown in Figure 12 (arrow) to be a continuous part of the cell. The part exposed to circulating blood has lost most of its myofilaments, whereas the part which lies inside the wall retains these structures. This configuration was found with great difficulty and only on one occasion.
Discussion
Replacement of endothelium has been stud-ied in two main experimental models: Trauma to the endothelium (5) and artificial grafting (6, 10, (21) (22) (23) (24) . It has been reported that mechanically denuded aorta intima is replaced by mitotic division of pre-existing endothelial cells (5) , and mitotic activity has also been reported in injured aortic intima as shown by the incorporation of tritiated thymidine (7) . Findings obtained from graft studies have been difficult to interpret.
When the abdominal aorta is mechanically injured, or when animals are fed high-cholesterol diets, myointimal cells increase in number (15, 19, 25) . Injury of the inferior vena cava is followed by "reduplication" of the internal elastic lamina and the appearance of myointimal cells (26) (27) (28) . The origin of myointimal cells from smooth muscle cells is widely accepted because of the demonstration of myofilaments in the cytoplasm of the former and their apparent migration from the media. The fate of myointimal cells seems to be multiple. A myointimal cell can undergo a process commonly called "dedifferentiation," but perhaps more appropriately "redifferentiation" (28) . This is accompanied by loss of myofilaments, and it may become a cell resembling more an endothelial cell than a smooth muscle cell (15, 26) . Pathologically there may be transformation into a foam cell in the case of atheroma (19, 25) . Once a smooth muscle cell migrates to the intima, redifferentiation is evidently initiated, and the original features characteristic of smooth muscle soon disappear. Demonstration of abundant myofilaments in an endothelial cell may suggest that the migration has been a recent event. Although occasional bundles of filaments have been observed in endothelial cells of normal arterioles (29) , they are mostly confined to the basal area, and they resemble the concentrated patches of fibrils located along the inner membrane of smooth muscle cells. Bundles of filaments such as those shown in Figure 8 have not been observed in normal endothelial cells. Neither have the concentrated fibrillary patches shown in Figure 6 been observed in the central part of the cytoplasm of normal endothelial cells.
Although multipotentiality of the medial smooth muscle cells is recognized (30) , the concept that smooth muscle cells or myointimal cells may be involved in intimal repair of an injured blood vessel is a novel proposal originally based on findings with en face preparations (13) . Still and Dennison (20) came to similar conclusions because of the ultrastructural similarity between endothelial cells and myointimal cells. The present observations provide additional evidence with the demonstration of a transitional inward movement of myointimal cells which indicates that myogenic replacement of endothelium is a good possibility.
The above data may also aid in understanding the normal physiology and morphology of rabbit blood vessels. The presence of myointimal cells in the normal aorta suggests a possible role for these cells. Aortic endothelial cells are subjected to high and pulsatile pressure and may thereby become irreversibly damaged. Perhaps the occasional areas of cytolysis seen in aortic endothelium Circulation Research, Vol. XXlll, November 1968 and shown in Figure 2 are a reflection of this process, since such endothelial pathology is not encountered in the normal inferior vena cava with its low pressure (14) . It may thus be hypothesized that myointimal cells participate in normal turnover and replacement of effete aortic endothelial cells, a process far less active in the venous system with its normal paucity of myointimal cells. Were such the case, the response of the myointimal cell to injury would be an acceleration of a normal process, as postulated many years ago by Stchelkounoff (13) .
